The extraction of charge carriers from a hot carrier solar cell using energy selective contacts, and the impact on limiting efficiency is analyzed. It is shown that previous analyses imply zero power output at all operating points and, as a consequence, the limiting conversion efficiencies are overestimates. The relationship between the limiting efficiency of a hot carrier solar cell and more general thermodynamic models is also discussed.
I. INTRODUCTION
The hot carrier solar cell (HCSC) is an advanced concept, or third generation, photovoltaic (PV) device that offers a potential pathway to efficiencies well in excess of the conventional homo-junction limit [1] . The basis of the operation of a HCSC is to extract the energy of photogenerated carriers in excess of the band gap before cooling to the band edges via phonon emission [2] . The proposed device consists of an absorber with slowed carrier cooling and energy selective contacts (ESCs) that allow carriers to be extracted at energies above the absorber material band gap as shown in Fig. 1 . Fig. 1 . General scheme for a hot carrier solar cell showing energy selective contacts that allow extraction of carriers from an absorber with carrier temperature T H to contacts with carrier temperature T C .
Analysis of energy losses in single band gap PV devices by
Markvart [3] crucially shows that eliminating the carrier cooling mechanism obeys the second law of thermodynamics. However, the exact mechanism for extracting the extra energy available remains open to question. Previous theoretical studies of HCSCs have focused on the behavior of carriers in the absorber and in particular the chemical potentials [2, [4] [5] . A simple model is used for the ESCs in which carriers are extracted at Carnot efficiency (i.e. isentropic) via a very narrow energy range (bandwidth of zero in the limit) above the absorber band edge for electrons and below the absorber band edge for holes.
The purpose of this letter is to show that the assumption of isentropic carrier extraction leads to an overestimation in limiting efficiency of a HCSC. It is also shown that heat losses are an intrinsic part of power extraction and this fits within Markvart's framework for determining the limiting efficiency, but only after the ESC model is updated for kinetic losses due to current extraction.
II. ANALYSIS
If we look at the ESCs in a HCSC, the choice of the energy at which to extract carriers is determined by assuming that carriers are extracted with Carnot efficiency. In terms of the parameters defined in Fig. 1 , this is written as:
where T H and T C are the absorber and ESC temperatures respectively, and ε ext = ε n -ε p where ε n is the energy of the electron ESC, and ε p is the energy of the hole ESC.
If we look at the entropy associated with an electron being transferred from the hot absorber to the cold contact via coherent resonant tunneling transport, we find the entropy loss for the absorber to be:
where µ nH is the chemical potential of the electrons in the hot absorber. The corresponding gain in entropy for the contact is given by:
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The net change in entropy within the hot absorber due to the extraction of the electron-hole pair described in (2) and (4) is then:
The net change in entropy within the cold contacts due to the injection of the electron-hole pair described in (3) and (5) is then:
Denoting the sum of these entropy terms as ∆S ESC , the net change in entropy due to the extraction of an electron-hole pair from the hot absorber and injection into the cold contacts is found to be:
Rearranging (8) algebraically, an expression for ∆µ C as a function of the other system descriptors is obtained:
The final term in (9) obviously reduces the voltage if it is non-zero, but it is exactly zero for isentropic extraction. Furthermore, as shown by Würfel [4] [5] the term µ eh is forced to be zero in order to make a physically sensible HCSC model where Auger processes between the hot carriers are included. Taking these factors into account, we then arrive at (1) as required.
This represents the condition for the best possible energy conversion efficiency for the HCSC. It is worth exploring the implications of this choice in more detail, however, as the actual goal of any solar cell is the maximum power conversion efficiency, and it is well established [6] that the operating points for these two conditions do not coincide.
It is helpful to analyze the ESCs in isolation in order to understand the limitations imposed by the application of (1). If we fix ε n (ε p ) and set the sum of (2) and (3) ((4) and (5)) to be zero, we find an expression for the chemical potential difference for electrons (holes) between absorber and the contact giving isentropic transport:
Restricting ourselves to the electron case, we can re-cast (10) to express the extraction energy thusly:
This is the exact same condition found by Humphrey et al. [7] [8] for Carnot efficiency of a thermoelectric device. As highlighted in those works, this corresponds to zero net carrier transfer between hot and cold reservoirs. In other words, there is no current and therefore no power output. This brings us to an important result: that a HCSC is a form of solar powered thermoelectric, where solar insolation heats carriers in the absorber (but they do not thermalize with the lattice) and the difference between carrier temperatures in the absorber and contacts drives power output. Importantly, the ESC is a type of particle exchange heat engine [8] , where heat transfer occurs by particle exchange, and work can be extracted. Within this framework, isentropic transport of particles occurs specifically at a ∆µ n for which the occupation of carrier states in the absorber and contact regions are exactly equal [7] as shown in Fig. 2 .
When (10) is added to (11), we arrive back at (1) , an expression which is now seen to be best interpreted as describing the open circuit voltage for a HCSC with an absorber temperature T H and extraction energy difference ε ext . This is an important point when calculating a limiting efficiency for such a device as (1) is frequently used to calculate the operating voltage of a HCSC. By varying the absorber temperature, a current-voltage curve can be found, but it can be seen that a type of nominal efficiency is being calculated, with the device always at open circuit, even in the short circuit condition.
In order to understand why this is the case, it helps to look at the situation within the framework used by Markvart when re-assessing the limiting efficiencies for single [3] and multiple band gap solar cells [9] . In these studies, the PV conversion process is found to be a Carnot converter, at temperature T 0 , with entropic losses, T 0 σ i , due to étendue expansion, carrier thermalization and kinetic losses due to carrier extraction:
It is this last loss term that is the critical one and is responsible for the lowering of the thermodynamic limit to PV conversion efficiency for an infinite number of junctions. In the case of the ESC being assumed in typical HCSC analysis, the thermalisation term is switched off, which, as acknowledged by Markvart [3] , is thermodynamically consistent. However, the unavoidable kinetic loss term, due to power extraction, is missing. In light of this realization, the isentropic extraction HCSC corresponds to the 'static head' case [9] and so a device producing power will, by necessity, have a lower efficiency.
III. CONCLUSION
In conclusion, we have analyzed the process of extracting charge carriers from a hot carrier solar cell using an energy selective contacting scheme. It was shown that the previously assumed model of isentropic carrier extraction implies a zero power output at all operating points of the device, and hence the limiting power conversion efficiency found using this model is an overestimate.
